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Abstract--A systems approach is introduced into eutrophication modelling and is 
illustrated by the example of Lake Balaton, Hungary, one of the world's largest 
shallow lakes. One of the major features of the problem is its complexity. Many 
interrelated processes hould be considered in the lake and in the corresponding 
watershed, both on the level of scientific understanding and policy making. The other 
essential feature is the presence of various kinds of uncertainties. The approach 
developed is off-line in character, which avoids the direct coupling of the detailed 
descriptions of all the subprocesses. The procedure starts with the decomposition f 
the entire model into smaller, tractable units, forming a hierarchical system. This step 
is followed by aggregation, the aim of which is to preserve and integrate only 
essentials in the higher stratum. The various levels involve the modelling of biological 
phenomena, the sediment-water interaction, hydrodynamic and transport processes 
and the nutrient loads, with the corresponding calibration and validation steps. The 
approach accounts also for the influence of natural and man-made influences, as well 
as for the propagation of uncertainties. The procedure can lead to a realistic but yet 
simple model on the higher level of the hierarchy, where an optimization problem 
should be solved (e.g., how the maximum water quality improvement can be achieved 
under given budget constraints). The various steps of the study are illustrated by 
examples. 
1. INTRODUCTION 
The eutrophication of lakes, a typical, unfavorable manifestation, symptomatic of the 
past few decades, is a consequence of the increase in the amount of nutrients (such as 
phosphorus and nitrogen compounds) reaching water bodies. This increase is closely 
related to the generally rapid development of industry, agriculture, and tourism within 
the watershed or in short, to a change in the infrastructure of the region. Eutrophication, 
an in-lake phenomenon, the origin of which lies outside the lake, causes unpleasant 
consequences, e.g., a rise in algal biomass, water discoloration, taste and odor problems, 
and bacterial contamination. These can greatly limit the use of the lake's water for 
recreation, water supply, etc., and lead to a drastic change in the ecosystem. 
The phenomenon of eutrophication a d mathematical modelling of it have been quite 
well explored for deep lakes, but only to a lesser extent for shallow lakes. Here, due to 
the low depth and the generally strong wind action, stratification rarely occurs. The 
dynamics are more complex and are faster; consequently, shallow lakes are much more 
affected by changes in environmental factors and show less consistent patterns from 
year to year. The recognition of this gap in knowledge led IIASA's Resources and 
Environment Area to initiate research on the eutrophication of shallow lakes. Lake 
Balaton in Hungary, the largest lake in Central Europe, which has exhibited the signs of 
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man-made utrophication, was chosen to be one of the two case studies. The case study 
is being carried out in cooperation with the Hungarian Academy of Sciences and with 
the participation of several Hungarian institutions. 
The general features of the problem from a methodological standpoint are as follows: 
(i) The system composed of the water body and the watershed is large in a physical 
sense. There are strong interactions among biological, chemical, and hydrophysical 
in-lake processes; furthermore, between the watershed and water body. (ii) There are 
several stochastic influences (e.g., meteorology, hydrology). (iii) The data available are 
often inadequate and scarce. Uncertainty consequently plays an important role. (iv) 
Based on these features, understanding and managing the system cannot be accom- 
plished solely on an empirical basis. Modelling is inevitably needed and should be in 
harmony with in situ and laboratory measurements, and data collection, respectively. (v) 
The vicinity of the lake is the major tourist resort in Hungary, so there is a strong 
economic interest in a practical solution to the problem. In other words, the management 
of the system is of primary interest. 
From these characteristics it follows that the lake and its region form a complex 
environmental system; the problems related to it require a systems analytical approach. 
The aim is to handle the problem in both a research and management context, that is, to 
better our understanding on the scientific level and then to utilize this knowledge for 
working out optimal control strategies for improving the water quality of the lake. The 
elaboration of such a model or set of models is not an easy task and meets serious 
methodological difficulties. 
The objective of this paper is to illustrate with the example of Lake Balaton, how 
such a complex system can be understood and managed in its entirety, i.e., together with 
the related methodological questions. The paper is organized as follows: First, the main 
characteristics of the system and the modelling approach are outlined (Secs. 2 and 3). In 
Sec. 4, the individual steps of the analysis are illustrated through examples. These will be 
related to the sediment-water interaction, spatial mass exchange, nutrient loading 
problem, and the lake eutrophication model. In most of the examples, the influence of 
uncertainties and stochastic effects will be accounted for. At the end of this section, it is 
shown how the lake water quality model can be incorporated into the management 
framework. 
It has to be mentioned that the study has not yet been completed. Therefore, in some 
cases, reference will be made to results which are preliminary only. 
2. MAJOR CHARACTERISTICS OF THE SYSTEM 
The lake and its watershed are illustrated in Fig. 1. The length of the lake is 78 km, the 
average width around 8 km (surface area nearly 600 km 2) and the average depth 3.1 m. 
The major inflow of the lake is the Zala River at the southwestern e d of the lake which 
drains half of the total catchment area ( -  5800 km2). There is a single outflow at the other 
end of the lake, Si6fok, through a control gate. The mean residence time of water is 
about wo years. 
The fluctuation in the water's temperature is high. There is a relatively long ice- 
covered period (around two months), while the temperature in summer may exceed 
25°C. Concerning the chemical composition of the water, the high calcium carbonate 
content and pH value (8.3 to 8.7) should be mentioned. Wind action is important, 
resulting in favorable oxygen conditions and a permanent back and forth motion (seiche) 
along the lake and a complicated circulation pattern. Wind strongly influences edimen- 
tation and release of various materials from the sediment layer (its organic material 
content is relatively low). 
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Fig. 1. Major characteristics of the system: (K) Keszthely, (T) Tihany, (S) Si6fok, ( I . . .  IV) typical basins of 
the lake, (---) boundary of the catchment area, (===) boundary of the recreational rea, (.) sewage discharges in 
the region. 
In recent years, remarkable changes have been observed in the water quality due to 
the rapid increase in tourism, sewage discharges, fertilizer use, and other factors. The 
algal biomass (algae is the most important primary producer in this case) increased by a 
factor of 10 when compared with the past 15-20 years. The trend in primary production 
is similar and at the most polluted western basin, peaks of up to 13.6g C/m 2 were 
observed, a hypertrophic value [12]. In short, the average lake conditions moved from 
mesotrophic to eutrophic, thus endangering the use of the lake for recreational purposes, 
the prime water use in this case. 
Phosphorus plays a dominant role in the eutrophication of the lake. Thus, both from 
the point of view of understanding and managing the system, tracing the phosphorus 
compounds in the lake and on the watershed is of primary interest. The total phosphorus 
load of the lake is around 1000kg/d [17], half of which is estimated to be available for 
algal uptake. The load has many components: 33% is derived from sewage, 27% from 
diffuse sources, 22% is related to runoff processes in the direct vicinity of the lake, while 
the contribution of atmospheric pollution is 18%. The ratio of sewage discharges in the 
available load is higher; only the sewage released in the recreational area (Fig. 1) 
accounts for 36% of the available load. This direct load varies quite a lot, following the 
fluctuations in population due to tourism, and has a 2--4 times higher value in summer 
than during the off-season. The load distribution along the lake is approximately 
uniform; however, the volume related value is twelve times higher at Keszthely Bay 
(Fig. 1) than at the other end of the lake, due to differences in the volume of the four 
main basins. This fact is also reflected in the pronounced longitudinal gradient of various 
water quality parameters, e.g., for chlorophyll-a the ratio of the maximum and minimum 
values ranges between 4 and 20 [30]. The gradient observed at the same time indicates 
that the strong wind action and the mixing associated with it are still not sufficient for 
leveling out the spatial nonuniformities. 
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From an analysis of the data it is clear that there is not only a critical state of the 
water quality at Keszthely Bay, but also a spreading deterioration process which extends 
towards other areas of the lake where the water quality is still good. Thus, action is 
urgently required from the view of the entire lake. 
Based on hydrologic and water quality considerations, the lake was divided into four 
basins, as indicated in Fig. 1. The application of the principle of segmentation proved to 
be a useful tool for modelling, data collection, and data handling. 
Concerning data, extensive records are available on hydrology and meteorology. 
Regular water quality monitoring started ten years ago, in two network systems consis- 
ting of 9 and 16 spatial sampling points, respectively (10-20 measurements per year), but 
irregular data are also available back to the early sixties. Several other in situ and 
laboratory measurements were also taken (primary production, extinction, sediment- 
water interaction, velocity, etc.). A survey was done on the nutrient load between 
1975-1979, which involved 20 tributaries and 27 sewage discharge points [17] (indicated 
in Fig. 1). On the major tributary, daily observations were made during this period [16]. 
On the basis of data collected by Hungarian institutions recently--often in 
connection with modelling--the "Lake Balaton Data Bank" was created at IIASA, 
serving as a starting point for the modelling work. 
For further details on the case study, the reader is referred to [30, 31]. 
3. THE MODELLING APPROACH 
_3.1. Decomposition a d aggregation 
The previous sections demonstrated the complexity of the water quality problem. 
Here, methodological questions will be discussed. For the purpose of illustration the 
in-lake processes will be considered. From this example, conclusions will be drawn, 
leading to the modelling approach to be adopted. 
The water quality of a lake is the result of several physical, chemical, and biological 
processes. The development of a model is generally based on the appropriate com- 
bination of knowledge gained from theory and measurements, respectively (the so-called 
theoretical and measurement knowledge [8]). Depending on the solidity of the theory of 
various processes, quite different approaches may be employed. For example, in most of 
the hydrodynamic applications (hydrophysics can be called a "hard" science [3] within 
the spectrum of water quality) the model structure is basically determined by the partial 
differential equations (PDEs) of continuity and momentum. The PDEs are solved by 
some numerical techniques through discretization of the domain in question where the 
discretization is determined primarily by mathematical spects (convergency, stability, 
accuracy, etc.). The grids or segments are relatively small and thus result in a 
continuouslike approach (the PDEs are replaced by a large number of ordinary differen- 
tial equations, ODEs). 
Within the domain of water quality, the theoretical background of both biology and 
chemistry are less satisfactorily established than for hydrophysics and model development 
should be supported more extensively by the measurement knowledge. The development 
is generally based on testing hypotheses and uncertainty plays an important role 
[4,9, 14,31]. Under such conditions, steps such as model structure identification, 
parameter estimation and the analysis of error propagation [2] are inevitably required-- 
techniques which are available in practice for ODEs if the number of equations is 
relatively small. This latter requirement leads to models which distinguish only some 
limited number of segments (or series of mixed reactors) established mainly by intuition 
but without proper justification. The structure of such models is determined by the ODE 
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character as contrasted to hydrodynamic and transport models where the main features 
are associated with the original PDEs. 
In the majority of the water quality models, the description of physical, chemical, and 
biological processes is necessary; the dilemma then is [27]: how should the modelling 
procedure of biology and chemistry (ODE structure with interactive use of data) be 
combined with the "precise" treatment of hydrodynamics, the PDE structure of which 
excludes the application of most of the techniques required for the scientific ognition of 
phenomena of the other group and consequently the exploration of the entire process? 
The answer seems to be relatively easy, namely,one should start elaborating detailed models 
for both groups (hydrodynamics and transport; and biology and chemistry, respectively) 
and keeping in mind the main features of the other group (time and length scales [11], 
etc.), simplify them. The effort aims at finding the simplest description of processes 
according to their relative importance in the entire water quality problem (e.g., the 
contribution of mass exchange associated with water motion to changes caused by 
biochemical phenomena). This step can be done through sensitivity analysis and is called 
aggregation. It can be performed in two stages: aggregation of the submodels, first, 
followed by the aggregation of the coupled models, second (see below). An essential 
point is that at the end of this procedure, one should arrive at a version of the model 
which is also consistent from a methodological viewpoint (e.g., describe the mass 
exchange properly and preserve the applicability of parameter estimation techniques). 
From this conclusion, an off-line modelling approach follows, which avoids the direct 
coupling of all the detailed submodels. The procedure starts with a reasonable decom- 
position of the complex structure into smaller, more tractable units which are accessible 
for separate and detailed studies. This is followed by aggregation, the aim of which is to 
preserve and integrate only essentials, ruling out the unnecessary details. 
In the course of submodel development, experiments of "isolated" character are 
certainly required (see, e.g., Sec. 4.1), but then the coupled, aggregated model is 
validated against its detailed version and data (a tedious task which is rarely documented 
in the literature). 
Each modelling step is associated with model and data uncertainties; consequently, 
the aggregation is required in this respect as well (see Sec. 4): another guideline in our 
approach. 
The tactics of decomposition are especially important if the objective of the study 
involves such different levels as the scientific understanding of a system and the decision 
making related to the same problem: a situation that we face here. It is noted that in 
ecological modelling, there is a certain gap between "larger" models (incorporating some 
ten state variables and nearly one hundred parameters) and "smaller" models (see Beck [4] 
in this issue). In the first case, there is nearly no hope for a precise calibration, but 
"smaller" models can also be just as unrealistic for complex problems because of their 
simplicity. Accordingly, the solution cannot be sought in this contrast, i.e., "larger" or 
"smaller" model. It is felt that the alternatives offered here provide a reasonable approach 
for such cases. 
3.2. The modelling framework 
The application of this approach for the Lake Balaton problem is explained with the 
help of Fig. 2, which shows the framework of the research [31]. The first decomposition 
that directly comes to mind is the distinction between lake and watershed, since as 
mentioned before, the water quality problem lies in the lake, but the causes, and 
practically all control possibilities are to be found in the watershed. Next, the various 
units should be separated and the essential results put together on a successively higher 
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Fig. 2. The method of decomposition: hierarchy of models. (1) Submodels for uniform segments (dotted areas) 
and (2) coupling of the submodels. 
level of integration. The procedure involving five strata will be discussed in greater detail 
for the Lake Eutrophication Model (LEM), with reference to models now being 
elaborated. The parallels in the Nutrient Loading Model (NLM) can be found through 
Fig. 2. 
Stratum 5. First, those segments of the lake should be isolated which can be 
considered approximately uniform from the viewpoint of water quality (complete mixing 
inside each unit) and from the factors influencing them. The objective of the models on 
this stratum is to describe the algal dynamics and nutrient cycling for all the segments, 
involving both the water body and the sediment, since the latter is a sink and source of 
various materials and their interaction plays an important role in shallow lakes (also 
from the point of view of management, after a reduction in load, the new equilibrium of 
the lake will be determined by the nutrient release of the sediment). These kinds of 
models based on the mass conservation principle and formulated through a set of 
nonlinear ODEs are well known in the literature [22]. In the frame of the present study, 
three submodels, BEM, BALSECT, and SIMBAL were developed (see [13, 20, 32], with 
respect o their comparison [31]) which differ basically in the number of state variables 
(between 4 and 7) and essential parameters (10-17), as well as in the mathematical 
formulation of various processes and in the parameter estimation technique adopted. It 
is noted here that some of the parameters can be derived from further isolation up to a 
lower level with appropriately designed experiments. As examples, the estimation of 
algal growth parameters from vertical primary production measurements [33] and the 
study of wind induced sediment-water interaction (see See. 4.1) may be mentioned. 
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To end the discussion on stratum 5, it is stressed that several steps of the analysis are 
based on intuition (starting from the segmentation to the formulation of various bio- 
chemical processes), thus the inclusion of data with their uncertainties i  inevitably 
required for justification of the assumptions made. 
Stratum 4. On the next level the segment-oriented biochemical and sediment models 
are coupled by involving mass in- and outflows at the boundaries of the units. For this 
purpose, a hydrodynamic-transport model can be used. In light of the experiences gained 
from the study of the Great Lakes [7], it was decided not to use a coupled multi- 
dimensional hydrodynamic-transport model incorporating the submodels of the lower 
stratum: the gain in information is not proportional to the increase in complexity; 
furthermore it causes methodological difficulties as explained in Sec. 3.1. Here again, an 
off-line technique is applied. The basic assumption is that it is sufficient o subdivide the 
lake in a longitudinal direction only. This is supported by the riverine shape of the lake 
and the presumably extensive transversal mixing, since the prevailing wind direction is 
nearly perpendicular to the lake's axis (the description of the shoreline ffects is not the 
objective here). Consequently, the parallel development of an unsteady three-dimen- 
sional (3D) and one-dimensional (1D) hydrodynamic model was decided on [23, 28]. The 
first can be used to derive through several simulations, the longitudinal dispersion 
coefficient as an "empirical" function of the major wind parameters, while the much 
simpler 1D model could describe convection (see Sec. 4.2). Subsequently, the submodels 
of stratum 5 will be incorporated in a straightforward way into a set of longitudinal 
dispersion equations on stratum 4. It is noted that the 1D hydrodynamic model also 
allows an uncertainty analysis on the wind data, a methodologically remarkable aspect 
(Sec. 4.2). 
At this level, the 1D model was aggregated from the 3D version. A further aggregation 
(see Sec. 3.1) can be arrived at through the use of the coupled dispersion-biochemical 
model being elaborated. Provisionally, in all three biochemical models (see Sec. 2) four 
segments (or mixed reactors, see Fig. l) are assumed; their coupling is based on 
hydrologic throughflow and a wind influenced mass exchange process described globally. 
Since the model structure based on ODEs has many advantages, one of the objectives of 
the study on the 1D coupled model is whether the four basins concept can be 
maintained or not. 
Stratum 3. The involvement of mass exchange among segments as described before 
will result in the Lake Eutrophication Model (LEM) (Fig. 2) which has several forcing 
functions, such as solar radiation, water temperature, wind, etc. (natural or uncontroll- 
able factors) and the nutrient load. Since the latter is the only factor to be controlled, it 
plays a distinguished role; however, less mode[ling work was done on it in the frame of 
the case study. This can be explained by the relatively high contribution of the sewage 
load (modelling is basically not needed here because of the nature of the problem) and 
the limited amount of watershed data available for non-point source modelling. A 
thorough data collection and the derivation of a nutrient balance for the whole lake were 
preferred (for details see [16]), the results of which were already summarized in Sec. 2. 
This study also involved an uncertainty analysis in relation to the unobserved con- 
tribution of floods to the load (Sec. 4.3). The research allowed the derivation of the 
temporal and spatial pattern of the load components in a descriptive fashion, both for 
LEM and the Water Quality Management Model (WQMM) on stratum 2. In fact, at the 
first stage of lake model development the modelling of any of the driving functions is not 
necessarily required; both for calibration and validation, historical data can be 
employed. For planning purposes the situation is different, therefore the stochastic 
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effects of both the load and meteorology were involved through Monte-Carlo simulation 
(Sec. 4.4). 
Stratum 2. The objective of WQMM is to generate alternative management options 
and strategies (the effect of these being expressed through NLM which should be used 
here in a planning mode) and to select from among these alternatives, on the basis of one 
or more objectives. Both water quality and costs can be used as objective functions or 
constraints, and quite often their weighting is required. Frequently the load can replace 
the lake's water quality in the optimization in which case LEM is used merely to check 
the reaction of the lake and WQMM may have a simpler structure. Admittedly, however, 
the inclusion of water quality is more obvious because of the nature of the problem. This 
formulation, however, leads to a dilemma: how should a complex dynamic model be 
incorporated into the optimization framework [29]? 
At this step aggregation is also needed. This starts with the selection of certain water 
quality indicators characterizing the large scale and long-term behavior of the system 
serving as a basis for decision making. Different parameters (yearly peak, different 
averages, duration of critical concentrations, frequency distributions, etc.) of typical 
water quality components (primary production, algal biomass, chlorophyll-a, etc.) can be 
employed as indicators. Subsequently, the dynamic model LEM can be used in terms of 
indicators established, / under reduced loading conditions or in another way under 
several loading scenarios, L. Since the definition of indicators introduces temporal 
averaging, it is expected that the lake's response will be less complex compared to the 
dynamic simulation and a simple, direct I(L) type relationship can be found for the new 
equilibrium. If such a solution has already been attained, LEM could be replaced by 
I(L) in WQMM; an essential aggregation (see Sec. 4.5). 
Among the management alternatives, only the two most important options are 
mentioned here: (i) tertiary treatment (point source load reduction), (ii) establishing 
reservoirs (consisting of two segments erving for the removal of both particulate and 
dissolved nutrient forms [30], respectively, at the mouth of rivers which are the 
recipients of point and nonpoint source pollutants. The optimization should then be 
based on the trade-off between the two basic alternatives, with respect o their locations 
(e.g., regional versus local treatment) and the spatial variation of the lake's water quality. 
Stratum 1. For the sake of completeness it has to be mentioned that WQMM could 
be thought of as being a part of a regional development policy model forming the top of 
the pyramid, a field which is beyond the scope of this study. 
4. ILLUSTRATION OF THE DIFFERENT STEPS OF THE APPROACH 
4.1. Wind induced sediment-water interaction (stratum 5) 
For studying the sediment-water interaction in lakes, several approaches are possible 
(see, for example [25]). In this study, yet another method was chosen [26], in recognition 
that when eutrophication is considered, more than just the physical processes hould be 
examined. Daily measurements were taken for 6 months, at the midpoint (depth 
H = 4.3 m) of the Szemes basin (Basin II, Fig. 1). The measurements involved Secchi 
depth, temperature, suspended solids (SS), chlorophyll-a, and phosphorus fractions at 
different vertical locations. Wind velocity and direction were recorded continuously, 
from which hourly averages were calculated. The objective of the first part of the 
analysis was to describe the dynamics of the suspended solids as a function of wind. 
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This then allowed for a characterization f the temporal changes in the light conditions, 
the deposition, and resuspension of other particulate material and to some extent, also 
the releases of dissolved components. Here only the behavior of SS will be reported. 
The analysis tarted from a simplified transport equation for describing the temporal 
and vertical changes of the average SS concentration for the basin, neglecting inflow and 
outflow. It was recognized, however, that the problem has an undefined boundary 
condition at the bottom, z = H, [26] 
tgc 
wc - E ~-  = 6~ - 6 , ,  (1) 
where c is concentration, w is settling velocity, E is vertical eddy viscosity, and thd and 
~b, are the fluxes of deposition and resuspension, respectively. In fact, one of the 
objectives of the measurements was to formulate the boundary condition. From the 
observations made, it appeared that the temporal changes governed the system (see Fig. 
3a for the depth integrated values and wind speed, W). The c(z) vertical profiles were 
quite uniform, except close to the bottom where the expected, but sudden increase could 
be observed. Accordingly, it was decided not to determine the unknown boundary 
condition from the PDE formulation (a rather tedious procedure), but to integrate the 
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Fig. 3a. Identification a d parameter stimation f a model for wind induced sediment-water interaction for 
Lake Balaton: recursive estimate of the suspended solids concentration; (W) daily average wind speed, (c) 
suspended solids concentration, (.) observations. 
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turbulent diffusion equation along the depth, and use the ODE derived, which thus 
directly involves the boundary condition itself. 
In order to carry out this step, hypotheses were needed for the fluxes qbd and ~be. The 
deposition was characterized by the coefficient P expressing which portion of the 
particles reaching the interface would remain there: 
4~d = Pw6 (2) 
(here, the tilde indicates depth averaged value), while ~be by an empirical relation- 
ship [19] 
the = kpw P~ we, (3) 
p~ - pw 
where p, and pw are sediment and water densities, and w, is entrainment velocity. To find 
we, the concept of energy transformation between potential and turbulent kinetic 
energies often employed for stratified lakes was adopted [6]. Accordingly, under sim- 
plified conditions: 
1 we ~ ~- W n, (4) 
where the power depends on the Richardson umber. Using these hypotheses, the depth 
integrated transport equation takes the following form [26]: 
d~ 
d--[ = -K~.  + K :W n, (5) 
where K~ and K 2 comprise the unknown coefficients, derived from the hypotheses (Eqs. 
2 to 4). Consequently, the structure of the model should be identified and the parameter 
values, Kl, K2, and n, estimated from measurements. The feasibility of Eq. 5 can be 
appreciated from Fig. 3a, which clearly shows the influence of the wind velocity on the 
concentration. However, a simple regression between the W and SS is not precise 
enough; the involvement of SS in a time series fashion improves it, thus suggesting the 
influence of settling and deposition. 
First a nonrecursive deterministic estimation technique was adopted to derive the 
unknown coefficients which resulted in realistic values but without proving the correct- 
ness of the hypotheses (a posteriori model structure identification, see [4]). 
For this purpose, as a second step, the Extended Kalman Filter (EKF) method was 
applied [2, 5]. For the power n a value near to 1 was derived which corresponded to the 
small Richardson number [27]. Subsequently, n was fixed to 1 since in this case the 
physical interpretation of the resuRs is more obvious. The recursive estimation started 
from the estimates of the deterministic technique. The results are illustrated in Fig. 3a. 
As is apparent, the agreement between observations and model calculation is reasonably 
good, and the parameters become approximately constant after the first 40-50 days (Fig. 
3b), proving that the model structure is adequate [2, 4] and the data do not contain more 
information than described by the model. Some slight parameter changes can be 
observed at the end of the period; this may he caused, e.g., by the exclusion of 
inflow-outflow processes (or by other phenomena such as algal blooms). This suggests 
that the isolation of subprocesses is generally not complete. From the analysis, a realistic 
order of magnitude follows for all the essential physical quantities; in this connection 
see [27]. 
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Fig. 3b. Recursive parameter stimates for the sediment-water interaction model. 
As can be observed in Fig. 3, for one month in the middle of the total period, no 
measurements were available, so the model was used for prediction. The appropriate- 
ness of the model is also illustrated by the fact that after getting new data, the parameter 
values did not change. This second period served for validation, following the 
identification and calibration procedure. 
The study, which underlines the definite need to combine both theoretical and 
measurement knowledge, resulted in two basic achievements: (i) the estimation of the 
unknown boundary condition of a transport problem (which was then also solved by 
using an implicit finite difference method but the "submodel" was not maintained for the 
complex study as the vertical changes are not essential in this case from the point of 
view of eutrophication), and (ii) the description of the processes of deposition and 
resuspension through an ODE which can be easily incorporated into the biochemical 
submodel with a similar ODE structure (e.g., for characterizing transparency onditions 
or nutrient release from the sediment). 
In addition to the wind induced interaction discussed here, the sediment biochemistry 
is also of major importance, a field where further esearch is required. 
4.2. Application of a 1D hydrodynamic model (stratum 4) 
The results gained from the 3D and 1D models (for details see [23] and [28]) showed 
that the two models could be equally calibrated against dynamic water level data and 
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suggested that the cross-sectionally averaged ischarge, Q(t), can be properly derived 
from the much simpler 1D model. For establishing this latter, the complete one- 
dimensional equation of momentum and continuity was solved by using a conventional 
implicit finite difference scheme [28]. For the matrix inversion, an effective decomposition 
technique was developed, resulting in efficient computations [28]. Dynamic input is the 
longitudinal component of the wind force, while the output is the water level and 
streamflow rate at each cross section (Ax = 2000 m). The two parameters of the model 
(drag coefficient and bottom friction) were calibrated on the basis of the work of 
Muszkalay [21]. From the data of nearly ten years of observations, he derived empirical 
relationships between some typical wind parameters of a storm and the corresponding 
maximum reduction in water level and velocity at the Tihany peninsula (Fig. 1), 
respectively. For validation, more than ten historical events were selected. The results of 
one example are shown in Fig. 4. This event can be characterized by a long-lasting 
longitudinal wind followed by smaller shocks of different directions (Fig. 4a). It is 
apparent that the agreement between measured and simulated water levels is satisfactory 
(Fig. 4b). The discharge shows a striking oscillation between -2000 and 3000 m3/s (Fig. 
4c) associated with the seiche phenomenon which is higher by two orders of magnitude 
than the hydrologic throughflow and may cause considerable fluctuation i  the volume of 
the basins (Fig. 1). The seiche contributes to mixing only to a limited extent (note that 
here nonconservative materials are considered). A more essential mixing is associated 
with different kinds of backflow and circulation. These are not captured by the 1D model 
and their influence should be derived from the 3D model. In fact, a longitudinal 
dispersion coefficient, DL, can be approximately calculated from the velocity field by a 
method similar to that employed for rivers [10]. Based on the initial experiences [24] it 
seems to be sufficient to perform the computations for some typical stormy events and 
afterward to correlate DL to wind parameters. The relationship DL[W(t)] gained (where 
W is the wind speed), will allow replacement of the coupled 3D hydrodynamic-transport 
model by a 1D version (see Sec. 3.2). 
The seiche type phenomenon also has another effect--at a given location the rapid 
back and forth motion will cause an oscillation of various constituents within a day, 
which strongly depends also on the longitudinal gradient. This may result in quite a 
critical error in the concentration determined through instantaneous sampling, a recog- 
nition which will allow definition through the model of an uncertainty range of historical 
measurements. 
To find a more satisfactory agreement between model simulation and observation 
than in the previous example is often impossible. The reason is quite simple: a small 
error in the wind direction may cause a drastic change in the wind force, if the direction 
is far from the longitudinal one, i.e., transversal wind conditions. In fact, there are many 
kinds of uncertainties in the wind direction, such as random fluctuation (turbulence), the 
influence of hills on the northern side of the lake, which cause nonuniformifies in the wind 
field, measurement errors, etc., with the effects illustrated in Fig. 5. A deterministic 
simulation did not prove acceptable. Bearing in mind the possible role of uncertainties, a 
random component was subsequently added to the wind direction (Gaussian distribution, 
zero mean, 17 ° standard eviation: a modest value) and a Monte Carlo simulation was 
performed. Figure 5, which shows the major results for 100 runs, does not require detailed 
discussion: itstresses the extreme sensitivity to input data uncertainty (compared to this the 
parameter sensitivity is negligible) and illustrates how difficult it is to validate a 
deterministic model (to a lesser extent his is also true for a multidimensional model). This 
behavior also suggests that some time averaging should be introduced for the transport 
model part. According to our analysis, the mean and variance of the flow rate time series on 
a daily basis shows limited sensitivity only. Since generally one is not interested in 
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short-term concentration changes (the character of the sampling problem mentioned before 
is differen0 this allows use of the mean value for convection i  the dispersion model, while 
the effect behind the variance can be incorporated in the dispersion coefficient. 
The example suggests that although a deterministic hydrodynamic model can hardly 
be verified in a strict sense, the verification can be done for a transport model in a water 
quality study by filtering out the influence of uncertainties. 
4.3. The nutrient load under uncertainty and stochasticity (stratum 3) 
In accordance with the nutrient loading estimate done [17], more than 40% of the total 
phosphorus (TP) load reaches the lake through tributaries. As is well known, floods play 
a decisive role in the yearly total transport, heir contribution ranging enerally between 
70% and 90%. This fact is in most of the cases not reflected in the monitoring strategy; 
generally one or two observations made monthly at the mouth of the fiver are available. 
Thus, the influence of floods remains unobserved. The infrequent data collection is 
characteristic for 19 of the 20 tributaries of Lake Balaton, while for the major pollution 
source, the Zala River which accounts for more than half of the tributary load, daily 
measurements were performed (1975-1979 [16]). 
As the "'accurate" load for different averaging periods (such as a month or year) can 
be derived from this data set, it allows one to study the error caused by scarce 
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observations. The procedure is a straightforward Monte Carlo type technique which 
starts with a random selection from the detailed ata set following the sampling strategy of 
the other tributaries and calculates the load of the period in question. After making a 
sufficient number of random selections the statistical parameters of the load can be 
determined. The results for the long-term monthly average load (on the basis of a four- 
year-long observation period and 200 data selections for each month) are illustrated 
in Fig. 6. The choice of a month was made for two reasons: (i) being in possession 
of two monthly observations for a period of several years only the monthly average 
load can be estimated at best; (ii) from a sensitivity study on LEM [29], it turned out 
that it is sufficient o use this load type as a forcing function. As can be seen from 
Fig. 6, which shows the mean and extreme values, as well as the domain of --+ standard 
deviation, the error is quite high and its fluctuation follows the change in the mean value. 
On the basis of this study and a similar analysis for the yearly averages, the annual oad 
of other tributaries was corrected (by assuming that most of the floods are unobserved 
for these rivers) in an extrapolative character and a random component was added to the 
monthly average load component [29]. 
To incorporate the stochastic influence of the hydrologic regime a regression analysis 
was done on the data set of the Zala River. It was found that the monthly average TP 
load correlated satisfactorily with the corresponding streamflow rate. Accepting the 
statistics of the monthly average streamflow from long-term observations [1] the load 
can be calculated in a stochastic fashion. Figure 7 shows the average annual characteristics 
of the load pattern for 1976--1979 (from observations) and the 90% confidence l vels derived 
for the long-term load. To illustrate the influence of the hydrologic regime, an event of low 
probability in July 1975 is likewise indicated. 
As a final output of the research outlined in this section a load scenario generator was 
developed for the whole lake, which accounted for both uncertainty and stochasticity, 
discussed above. For further details see [29]. 
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It is noted here that using historical data, a similar analysis was made on climatic 
(uncontrollable) factors, which allowed the water temperature and daily radiation to be 
generated in harmony with each other, in a random fashion [29]. Thus, future scenarios 
can be generated for all the essential forcing functions of the lake model--an essential 
tool for planning purposes. 
4.4. The lake eutrophication model (~tratum 3) 
The preliminary results gained with the simplest model, SIMBAL [32], developed for 
Lake Balaton are given below. The model is a phosphorus cycle model, that is, all the 
state variables (the essentials are two algal groups, detritus, and dissolved inorganic 
phosphorus) are expressed in terms of phosphorus, for the four basins indicated in Fig. 1 
(see Sec. 3.2). A Monte Carlo simulation is incorporated into the model to find areas in 
parameter space where the model produces results fully within specified boundaries 
drawn around the data to account for data uncertainty (see, e.g., Sec. 3.2) and thus easily 
applicable to test various hypotheses ([32] and also [9, 14]). 
Among the calibration runs, results for the phytoplankton phosphorus, PPP, for the 
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four basins are given in Fig. 8 (1977 forcing data were used) together with the 
corresponding observation variable, chlorophyll-a (basin average values). It is pointed 
out that chlorophyll-a and PPP cannot be directly compared to each other; however, 
since a more or less linear measurement equation is expected among them, PPP should 
follow the pattern of chlorophyll-a: a trend which can be generally observed. Further 
discussion on the calibration and model improvement required can be found in [32]. 
For management purposes, historical data cannot be used. Either some critical, 
unfavorable environmental conditions should be introduced or the model should be 
considered stochastic through input data which are basically random variables when 
future planning is in question. Here the latter approach was adopted and the generators 
outlined in the previous section coupled to the lake model. Two essential results for 
Basin 1 are presented in Figs. 9 and 10. 
In the first case, uncertainties caused by natural factors were considered and the 1977 
load was maintained. The summary of 100 Monte Carlo runs (mean, -+ standard 
deviation, and the extremes of PPP) suggests the relatively large sensitivity of the lake's 
water quality to meteorological factors and explains the essential year to year changes 
observed in the behavior of the lake even when the load remained unaffected. The 
second case (Fig. 10) involved the random generation of both natural and controllable 
factors. While for the previous example the specific 1977 load was adopted, here the 
mean load of the input generator was derived from data for the period 1975-1979 (See. 
4.3). This is the reason why the average trajectory shown in Fig. 10 differs from that 
shown in Fig. 9. The inclusion of load randomness had an obvious influence: the range of 
uncertainty of the water quality simulation results became much wider. 
Compared to the role of parameter uncertainty (Fig. 8), the meteorological factors 
represent the same order of magnitude, while the contribution of load to the model 
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Fig. 9. The influence of meteorologic factors on the water quality (Basin 1); (3) mean value; (4 and 2) -+ 
standard eviations; (5 and 1) extreme values. 
uncertainty is twice as high. It is stressed that in the frame of the present example, no 
load reduction was employed. Thus, Fig. 10 shows in which domain the water quality 
may range under the present conditions, since the changes in trend are already relatively 
small from year to year. Control alternatives will certainly modify not only the mean 
load but also the related uncertainties [e.g., the smoothing effect of a retention pond or 
the uncertainty of the effectiveness ~,of a given management option (Fig. 11)], an issue 
which should be taken into account on the level of decision making. 
4.5. The incorporation of the lake model into WQMM (stratum 2) 
The question that we are planning to answer here was raised in Sec. 3. In the course 
of the analysis outlined subsequently, the different parameters of the PPP(t) dis- 
tribution were selected as water quality indicators characterizing the algal behavior (see 
Sec. 3.2), and deterministic simulations were performed with the dynamic lake model, 
SIMBAL, under reduced loading conditions. It turned out from the study that the lake's 
response xpressed in terms of the yearly average or peak of PPP is quite linear on the 
load in a wide range [29] (the same experiences were also gained with the two other 
models). It is noted that a similar linearity is expressed for total phosphorus, TP, by 
several empirical models [34]. However, for shallow lakes, TP may not properly 
characterize the process of eutrophication since this component is strongly influenced by 
wind induced interaction at the bottom (Sec. 4.1). 
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The recogni t ion of  the l inear i ty  leads to an impor tant  aggregat ion:  the dynamic  lake 
model  can be rep laced  at the level  of  WQMM (see Fig. 2) by  a s imple l inear equat ion 
(see Fig. 11): 
or  
c = Co + A(L - Lo), (6) 
Ac = A AL. (7) 
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Fig. 11. Incorporation of the lake model in WQMM. (i) uniform segments in the lake, (e;) interaction among 
basins through mass exchange and hydrologic throughflow, (*--*) interaction among load components hrough 
control activities. 
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Here L0 and co are the initial load and concentration "vectors," respectively, defined by 
the number of uniform segments assumed in LEM (at present N =4, Fig. 1); AL 
represents the reduction of load achieved by various control alternatives, while Ac is the 
corresponding long-term response of the lake (expressed in terms of water quality 
indicators) characterizing the new equilibrium of the system. The elements of the A 
matrix maintain the essence of LEM: a transition from a "large" model to a "smaller" 
on a higher level of the hierarchy of Fig. 2. The first remarkable feature of Eqs. 6 and 7 
is that they clearly preserve the influence of subprocesses on the lower strata and show 
the subsequent s eps of aggregation. The elements of the main diagonal are determined 
primarily by biochemical processes and sediment-water interaction (stratum 5), while 
the other elements mainly express the influence of hydrodynamics and associated mass 
exchange (stratum 4), showing that a management action at the region of the ith segment 
will affect the water quality of other segments as well (Fig. 11). It is briefly noted that 
through LEM (stratum 3), the uncertainties discussed in the previous ection can also be 
included in Eq. 6. 
The second remarkable feature of Eq. 6, and this is of primary importance on stratum 
2, is that its linear structure allows its direct involvement in an optimization framework: 
a solution that we were looking for (see See. 3.2). 
At the end of this section, it is noted that optimization of this kind is not an easy task. 
First of all each L0,i element is composed of various types of nutrients (sewage, diffuse 
sources, etc.) which in a general case has different spatial locations within the 
corresponding region. Thus, L0.i itself is a vector (in other words, several homogeneous 
segments of the watershed may belong to a given ith uniform segment of the water 
body). Second, there are several options for loading reduction and the same ALi could 
be arrived at by different control strategies. In addition, just as with the linkage of the c~ 
elements through in-lake mass exchange processes (Fig. 11), the L1.~ components are 
coupled through realization of the desired management strategy implemented in the 
watershed (e.g., regional treatment and the related sewage system). All these are 
features of the problem that should be accounted for at the level of WQMM. In fact, 
such an approach is also being elaborated within the case study [15, 18]. 
A further difficulty is associated with the problem of how to handle the various kinds 
of uncertainties discussed before, in the course of optimization: an issue which is not yet 
explored satisfactorily for water quality problems. 
5. CONCLUDING REMARKS 
In this paper, a system characterized by two major factors was considered: (i) 
complexity due to the multifarious interactions of in-lake and watershed processes, 
respectively, and different levels of interest such as scientific understanding and decision 
making, and (ii) the uncertainty of various sources. The objective is also twofold, not 
only to study the specific issues of this system, but also to answer general methodologi- 
cal questions for systems with similar features. 
The modelling strategy adopted is an off-line procedure where the complex structure 
is decomposed into units, tackled separately in detail, but preserving and coupling only 
the essentials on the higher level of the modelling hierarchy. The method is charac- 
terized by several steps of aggregation (based on sensitivity analyses in order to find the 
relative importance of various subprocesses), and validation (detailed models against 
field data and the aggregated models against their detailed versions and data on the 
higher level of the modelling hierarchy). 
A harmony is also needed in the methodologies employed; none of them should 
exclude the application of techniques required after the coupling (e.g., parameter 
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est imat ion)  and they  should al low the proper  combinat ion  of  theory  and observat ions  in 
the model .  Uncer ta in ty  should be invo lved at each step and also aggregated simul-  
taneous ly  with the off- l ine const ruct ion  of the complex  model .  
Admi t ted ly  the coupl ing,  aggregat ion,  and va l idat ion of  the l inked mode l  are the 
crucial  po ints  in the deve lopment :  it is not  certa in whether  the s impl i f icat ions p lanned 
can be per fo rmed and whether  a mode l  of  real ist ic  s t ructure and complex i ty  can be 
arr ived at on the higher level.  
A l though the s tudy is not  yet  f inished and future research  is certa in ly  requi red (the 
role of  sediment ,  complet ion  of  coupl ing the segment  models  and that of the water  
qual i ty management  part)  the indiv idual  examples  in t roduced show that the model l ing 
pr inc ip les out l ined here can be success fu l ly  adopted  for  the di f ferent st rata and suggest  
that this is also val id for  the entire mode l  incorporat ing  the level  of  dec is ion making.  It  is 
be l ieved,  too,  that  other  sys tems character i zed  by  complex i ty  and uncer ta in ty  can be 
t reated in a similar way;  thus mode ls  of  reasonab le  size and structure can be gained. 
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